tems, Milwaukee, WI) and a standard head coil. The experiments were performed using a conventional two-dimensional spin-echo sequence. Transverse and longitudinal images were acquired with the latter readout direction parallel and perpendicular to the main magnetic field, respectively. Sequences included T 1 -and T 2 -weighted sequences with a readout matrix of 256 pixels, nonreadout matrix of 192 pixels, field of view of 200 ϫ 200 mm, and slice thickness of 5 mm. The sequence-specific parameters for the T 1 -weighted sequences were TR 300 msec, TE 15 msec, and number of excitations 2; those for the T 2 -weighted sequences were TR 2600 msec, TE 80 msec, and number of excitations 1. Images were transferred to a personal computer and analyzed using commercially available software (VOX-BASE; J-MAC System Corp., Sapporo, Japan).
In each image, a linear region of interest was defined across the center of the biomaterial in the transverse direction ( Fig. 1 left) , and a signal-intensity profile was calculated to evaluate the susceptibility artifact produced by each material. The intensity profile of the baseline was determined on the control phantom by using the same procedure. The artifact diameter associated with each biomaterial was defined in the following manner: the distance between two pixels where the signal intensity exceeded the mean signal intensity by Ϯ 1.5 standard deviations of baseline intensity was subtracted from the diameter of the material (Fig. 1  right) .
Results
In all the biomaterials, the susceptibility artifacts developed parallel to the direction of the main magnetic field at both ends of the material (Fig. 2) . The spread of artifacts was dependent on the readout direction. Table 1 shows the diameter of the artifact associated with each material. Few differences in the sizes of the artifact diameters were observed between the T 1 -and T 2 -weighted images. All six types of ceramics under investigation demonstrated considerably smaller artifact diameters compared with the other biomaterials. Among the ceramics, the artifact diameter of zirconia was the smallest and the diameters increased when various amounts of alumina were blended with the zirconia. Among the remaining biomaterials, the diameters of the artifact decreased in order when associated with stainless . The diameter of the artifact produced by the biomaterial is determined to be the distance between two points (arrows) where the signal intensity exceeds the mean signal intensity by Ϯ 1.5 standard deviations over the baseline intensity profile obtained using the control phantom (broken line) minus the diameter of the biomaterial itself. steel, cobalt-based alloy, pure titanium, and titanium alloy. The value of each magnetic susceptibility was also proportional. Little difference was observed between the diameters of the artifacts created by pure titanium and titanium alloy. The diameter of the artifact associated with the cobalt-based alloy was larger than the diameter of the artifact associated with the titanium alloy.
Discussion
The main findings of the present study demonstrate that ceramics create considerably smaller artifacts on 3-tesla MR images than other biomaterials. In addition, the results show that little difference exists between the sites of the artifact diameters produced by pure titanium and titanium alloy.
All substances placed in an external magnetic field affect the field itself, resulting in heterogeneity in the actual magnetic field at the interface between two substances possessing a large difference in magnetic susceptibility (for example, air as opposed to bone or metal as opposed to tissue). 15 This difference leads to a geometric distortion of images. In general, the size of the artifacts on MR images that are caused by metallic objects depends on the magnetic susceptibility of the material. 18 Although high-field MR imaging systems display superior signal-to-noise ratios, susceptibility artifacts are maximized in higher magnetic fields. 6, 7 In our study, few differences were found between artifact diameters on spin-echo T 1 -and T 2 -weighted images; this is consistent with findings attained previously, using 0.5-or 1.5-tesla MR imaging. 13 Artifact size reportedly increases linearly, however, as TEs increase from 5 to 25 msec.
14 Although we used a 15-msec TE to obtain the T 1 -weighted images, a shorter TE may produce smaller artifact diameters.
Magnetic susceptibility is essentially an index of magnetization. Ferromagnetic biomaterials exhibit a sharp rise in magnetization and, therefore, produce large susceptibility artifacts. 15 In the present study, we found that ceramics displayed considerably smaller artifact diameters than other biomaterials, and this is consistent with the fact that ceramics exhibit relatively smaller susceptibility values.
Various biomaterials made from ceramics are widely used in neurosurgical procedures. 10, 11, 21 Ceramics have excellent biostability and biocompatibility. 10, 11, 21 Artifacts on MR images that are produced by the ceramics, however, have not been previously quantified. 17 In the present study, zirconia was seen to produce the smallest artifact diameter and this diameter became larger as increasing amounts of alumina were blended with the zirconia. Two factors could account for this increase in artifact diameter. One is that alumina has a rhombohedral crystal structure and a grain size of approximately 4 m, 12 whereas zirconia has three crystal phases (monoclinic, tetragonal, and cubic) and a grain size of 0.3 m.
8 Thus, the difference in crystal structure and grain size between alumina and zirconia may affect artifact diameter. In the present study, zirconia is considered to be the most feasible material to construct implants and hardware such as spinal screws and aneurysm clips from ceramics.
It has been reported that recently developed aneurysm clips made from pure titanium produce smaller artifacts on 1.5-tesla MR images than those made from titanium alloy. 18 In the present study, little difference was observed between the diameters of artifacts produced by pure titanium and titanium alloy. In fact, there was little difference between the magnetic susceptibility of pure titanium and titanium alloy. In previous studies, artifacts were evaluated using commercially available pure titanium and titanium-alloy clips that differed in size or shape; 18 this may have influenced the size of the artifacts that were detected. Susceptibility artifacts usually develop at the ends or corners of biomaterials. 12 Be- cause all the biomaterials used in the present study shared a uniform size and shape, an exact comparison could be made of susceptibility artifacts produced by pure titanium and by titanium alloy.
In addition, recently developed, commercially available aneurysm clips made from titanium alloy or pure titanium reportedly produce smaller artifacts on 1.5-tesla MR images than clips made from a cobalt-based alloy (Elgiloy). 18, 20 The results of the present study, in which a 3-tesla MR imaging system was used, are consistent with findings of studies in which 1.5-tesla images have been used.
Conclusions
We quantified the susceptibility artifacts produced on images obtained using a 3-tesla MR imaging system by various biomaterials used in neurosurgical implants. Ceramics exhibited considerably smaller artifacts compared with other biomaterials. Little difference was observed between the artifact diameters associated with pure titanium and titanium alloy.
Although ceramics have several disadvantages compared with metallic biomaterials, such as lower retention force or lower flexibility, ceramics are nevertheless thought to be more suitable as biomaterials with respect to minimizing artifacts on high-field MR images.
